A large-angle beam splitter (BS) with adjustable power ratio based on the superprism effect in a two-dimensional photonic crystal (PC) slab is proposed. The finite-difference time-domain results show that by appropriately truncating the PC termination, two split beams with a large separation angle can be achieved over a relative bandwidth of 13.7%. The power ratio of the two split beams can be sensitively adjusted by slightly changing the incident angle or insensitively adjusted by changing the position of the light source, while there are almost no changes in their propagation directions. Further calculations reveal that the cylinder radius of PC has wide tolerance for the BS, which is favourable for practical fabrication. As an example, we proposed a sensitive double-throw optical switch with working wavelength range from 1432 to 1644 nm based on the proposed structure.
Introduction
Photonic crystals (PCs) have attracted tremendous attention due to their unique and fascinating properties such as photonic band gap [1] , defect modes [2, 3] , phase properties [4, 5] , and unusual dispersion characteristics of propagating Bloch modes, e.g., negative refraction, self-collimation and superprism effect [6] [7] [8] . Based on these properties, many functional devices have been proposed and are expected to play important roles in future photonic circuits. Components used in planar optical circuits include couplers [9] , de/multiplexers [10] , cavities [11, 12] , and especially beam splitters (BSs) [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , and they can be realized in two-dimensional (2D) PC slab structures. The devices based on the 2D PC slab have many advantages, such as relatively easy fabrication and convenient integration into conventional devices.
Among the functional devices mentioned above, a BS is one of the most indispensable components. There are two main kinds of mechanisms to implement BSs with PC structures being reported so far. The first kind is based on linedefect [14, 15] or coupled-cavity [16] PC waveguides, which can only work over narrow bandwidth around guided modes in photonic band gap. The other kind is based on the unusual dispersion characteristics of Bloch modes [17] [18] [19] [20] [21] [22] [23] . Among the dispersion-based BSs, some are concerned with negative refraction of PC [17, 18] , and some other BSs are related to selfcollimation effect [19] [20] [21] [22] [23] which utilizes flat equi-frequency contours (EFCs) to guide light with almost no diffraction in a perfect PC. Recently, Yucel et al [24] proposed a polarizationindependent BS based on a PC right prism with approximately 50% total transmittance for both polarizations after coating an anti-reflection layer at the input face. Though there are many methods to implement BSs as mentioned above, there are still some problems left to be solved. One of the most important problems is the controllability of power ratio. It was reported that the power ratio between two split self-collimated beams can be controlled by varying the geometric parameters (e.g., the positions and the radii of rods or holes) of the splitting structure in PC [25] [26] [27] . However, the power ratio is almost impossible to be adjusted if the sample (PC device) has been fabricated. This will limit its performance where real-time adjustable power ratio is required in practice. It is highly desired to achieve BS with sensitive and real-time adjustable power ratio. It is known that the superprism effect of PC is usually used to realize sensitive wavelength-division or angle-division. Instead, in this paper we propose a compact large-angle BS with broad working bandwidth and adjustable power ratio based on the superprism effect. The power ratio between the two output light beams can be adjusted sensitively or insensitively in different ways, while there are almost no changes in their propagation directions. Furthermore, our structure also can be used as a double-throw optical switch under the control of an electric field.
Structural analysis and physical mechanism
Figure 1(a) shows the PC slab geometry considered here. The slab structure consists of a 2D square lattice of Si cylinders (n Si = 3.4 around 1550 nm) embedded on a thin silica slab (n slab = 1.460) sandwiched between two silica claddings (n clad = 1.458) whose refractive indices are slightly lower than the index of the silica core. The radius and height of Si cylinders are r Si = 0.45a and h = 3a, respectively, where a is the lattice constant. For the PC slab here, the vertical confinement of electromagnetic (EM) waves is obtained by the index difference of the sandwich structure [7, 28] . Figure 1(b) shows the H-polarization (magnetic field parallel to the cylinders) dispersion diagram along the high symmetry points of the first Brillouin zone calculated by plane wave expansion method [29] . The dispersion diagram clearly shows that only one band with negative group velocity lies in a wide normalized frequency range 0.264 < a/λ < 0.303 denoted by the grey area in figure 1(b). This implies that within the frequency range of interest only the modes of the second band can be excited, being beneficial to improve the performance of the BS discussed later. However, the calculations show that for E-polarization (electric field parallel to the cylinders), the second and third bands overlap in the working frequency range of 0.264 < a/λ < 0.303. This implies that not only the modes of the second band but also those of the third band are excited simultaneously, which would depress the desired beam splitting effect and lower the transmittance. Therefore, only H-polarization is studied in this paper. Further considering the potential application, beam splitting behaviours will be investigated over a wavelength range around telecommunication wavelength 1550 nm in later discussions.
To further understand the propagation characteristics of EM waves, we have calculated the second band surface for H-polarization in the whole first Brillouin zone, as shown in figure 2 (a). The corresponding EFCs are also shown in the k x -k y plane in figure 2(a). It is found that the EFCs are squareshaped around the point within 0.264 < a/λ < 0.303 whose relative bandwidth is about 13.7%. It is known that the energy velocity in a PC is equal to the group velocity given by v g = ∇ k ω(k), where ω is the optical frequency at the wave vector k [7, 8, 30] . Obviously, for the wave vectors belonging to the straight-like part of the EFCs, the excited Bloch modes all propagate in approximately the same direction within the PC. This means that self-collimation phenomena occur, especially for a/λ = 0.28. On the other hand, as for the curved part of the EFCs along the -M direction, EM waves with slight difference incident angles will result in sensitive change of propagation direction in the PC, and thus superprism effect occurs. Quantitatively, both of selfcollimation and superprism effect can be measured by the parameter p = (∂θ c /∂θ i ) ω where θ i and θ c are the angles of the incident beam and the beam in the PC, respectively. For good self-collimation, it requires small p values so that θ c varies slowly with θ i . If p = 0, perfect self-collimation occurs. While for superprism effect, the larger p value is, the better superprism effect is.
For the PC structure here, we mainly concentrate on the superprism effect which can be achieved by truncating the PC terminations along the -M direction, just as shown in figure 1(a) . We take a/λ = 0.28 as an example to show the change in the propagation direction of light at a small incident angle θ i , as depicted in figure 2(b) . Based on the continuity conditions of k across the PC interface [6] , when the light with an positive incident angle (θ i > 0) is launched on the PC interface along the -M direction (see point A), the Bloch wave with the k-vector at point B is excited and propagates in the direction of V pc through the PC, and then emerges from the PC interface along the -X direction, and reradiates in the direction of V out (see point C). Obviously, if at negative angle of incidences (θ i < 0), the EM wave will emerge from the other right-angle side of the PC due to symmetry. It should be noted that in the case of small-angle incidence, no matter for θ i > 0 or θ i < 0, slight change of θ i will result in sensitive direction change of V pc due to the superprism effect, but it has little influence on that of V out . We will take a/λ = 0.28 as the working frequency to demonstrate the large-angle BS in the following discussions.
Design of sensitive large-angle BS
The above results hold promise for designing large-angle BS with sensitive adjustability of power ratio. The adopted PC structure is shown in figure 1(a) . Its input interface is truncated along the -M direction, while the other two interfaces are truncated along the -X directions. The three interfaces form an isosceles right triangle. An elliptical Gaussian light with full widths at half maximum of w XY = 6a and w Z = 2.5a at an incident angle of θ i is launched onto the PC at the centre of the hypotenuse of the PC structure. 3D finite-difference timedomain (FDTD) method is used to demonstrate the BS [31] . The perfect matched-layer boundary conditions are used to simulate a semi-infinite cladding extending above and below the core slab, and in the XY plane. Figure 3 shows the spatial distributions of the total magnitude of the Poynting vector in the central plane of Z = 0 at different incident angles. Figure 3 (a) clearly shows that for θ i = 0
• , the incident Gaussian beam is divided into two equiintensity beams propagating in almost contrary directions, i.e., the lower beam and the upper beam. The physical mechanism is explained as follows. In fact, due to the diffraction spreading nature, a Gaussian beam incident with θ i = 0
• contains a small range of incident k-vectors, including k > 0 and k < 0 around k = 0 (i.e., θ i = 0
• ), where k represents the parallel component of k-vector along the -M direction. As a result, • is achieved. Further studies reveal that the power ratio of the BS is sensitive to θ i , but the propagation directions of the two split beams are little influenced by θ i . This is attributed to the superprism effect along the -M direction. Figures 3(b) and (c) show the cases of θ i = 3
• and 6
• , respectively. Due to the superprism effect, when θ i of the Gaussian beam deviates slightly from 0
• , e.g., θ i = 3
• , the portion of k > 0 becomes much larger than the other portion of k < 0, resulting in stronger lower beam and weaker upper beam. Increasing θ i will further enhance the power ratio of the both beams. However, the propagation directions of both beams (i.e., the separation between the two split beams) are slightly influenced by the incident angle, which can be understood by similar EFC analysis as discussed in figure 2(b) . Due to the conservation of k || at different PC interfaces, the split beams have the largest separation angle of near 180
• at normal incidence. As θ i increases from 0
• in a small incident angle range, the separation angle between the split beams becomes a little smaller than 180
• . This analysis well agrees with the FDTD simulation results in figure 3 . It should be noted that at negative angle of incidences, the results will be symmetrical about the symmetry plane of Y = 0 as compared to the case of the positive angle of incidences.
We have calculated the transmittance of each beam and the total transmittance at different incident angle θ i . The results are shown in figure 4(a) . It is clearly shown that with increasing θ i , the transmittance of the lower beam first increases rapidly, and then increase slowly to a maximum of 0.75 around θ i = 15
• , and then descends slowly. While for the upper beam, the transmittance first decreases rapidly and then descends slowly to near-zero. At the same time, the total transmittance becomes smaller due to the increasing reflection loss. The power ratio of the lower beam to the upper beam and total transmittance at θ i = 8
• are 7.3 : 1 and 81.8%, respectively. This implies that such BS can work with sensitive and wide adjustable power ratio from 1 : 1 to 7.3 : 1 by slightly changing the incident angle from 0 to 8
• . It is noted that the transmittances of the upper and lower beams in figure 4(a) are not symmetric. This is attributed to the reflection loss which increases with increasing θ i . Due to the increasing reflection loss, the reduced power from the upper beam is not totally transferred to the lower beam, leading to asymmetric transmittance of both split beams in figure 4(a) .
The influence of the position of the Gaussian source on the power ratio is also considered. Figure 4(b) shows the transmittances as functions of the Y position of the source at normal incidence and a/λ = 0.28. It is shown that the transmittances for both beams vary slowly and linearly as the light source moves from Y = 0 to Y = −8a, and the total transmittance of both beams is scarcely influenced. This implies that the BS is insensitive to the Y position of the Gaussian source, which provides good tolerance for designing the considered large-angle BS.
Discussion
The power ratio of the two beams is adjusted here by the incident angle. The change of incident angle can be controlled by an external electric field, which is discussed qualitatively as follows. In a practical photonic circuit, the incident angle can be sensitively adjusted by introducing a superprism-based PC acted as the deflecting part before the input surface of the above PC. The superprism-based PC consists of nonlinear dielectric cylinders (e.g., GaAs with n GaAs = 3.6 around 1550 nm) whose refractive index can be changed via the linear electro-optical effect by applying an electrical field. The change of refractive index leads to sensitive change of the curvature of the curved part of the EFCs where sensitive superprism effect occurs. As a result, the propagation direction of the incident light beam can be sensitively adjusted by the external electric field.
The sensitivity of the proposed BS influenced by the cylinder radius is also studied. We have carried out band structure calculations for r (r varies from 0.4a to 0.5a by step of 0.01a) to obtain the working frequency range where only the modes of the second band can be excited. Figure 5 shows the normalized working frequency range and the corresponding relative bandwidth. It clearly shows that with increasing r, the normalized working frequency range stays almost the same but its central frequency descends, leading to the increase of relative bandwidth. For the working frequency a/λ = 0.28 adopted in previous calculations, the cylinder radius r can be chosen in a wide range from 0.42a to 0.48a as denoted in figure 5 , meaning that the BS proposed here has a wide tolerance with respect to the cylinder radius. So we choose the PC with r = 0.45a (see point A in figure 5 ) for BS design under considering the bandwidth and practical fabrication simultaneously.
Our structure has potential in applications where sensitive control of power ratio of split beams is required. For example, it can be used as a double-throw optical switch if the incident angle jumps between -8
• and 8
• under the control of an electric field. When θ i = 8
• , almost 73% power of the input beam transmit to the lower beam while little power transmit to the upper beam, so one can say the port corresponding to the lower beam is open. When θ i = −8
• , the other port corresponding the upper beam is open due to the symmetry as discussed in section 3. Such a device has a relative bandwidth of about 13.7% serving as an optical switch, which is corresponding to a wavelength range from 1432 to 1644 nm.
Conclusion
In conclusion, we have achieved a broadband large-angle BS by using the superprism effect in a PC truncated as an isosceles right triangle properly. FDTD simulations show that the incident Gaussian beam is divided into two beams with a large separation angle of near 180
• at working frequency of a/λ = 0.28. Due to the superprism effect along the -M direction, the power ratio of such large-angle BS can be sensitively adjusted from 1 : 1 to 7.3 : 1 by slightly changing the incident angle from 0
• to 8
• , while the propagation directions of the split beams almost have no change. Furthermore, the power ratio is insensitive to the longitudinal position of the light source and the cylinder radius from 0.42 to 0.48a is available for the proposed BS, which provides wide tolerance for practical fabrication. As an example, we proposed a sensitive double-throw optical switch with working wavelength range from 1432 to 1644 nm based on the proposed structure.
